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ABSTRACT 

An ambient temperature  rechargeab le  Lithium-Titanium d i s u l f i d e  
(Li-TiS ) f i v e  c e l l  b a t t e r y  has  completed the  f i r s t  o r b i t a l  yea r  of 

2 a c c e l e r a t e d  synchronous o r b i t  t e s t i n g .  A novel  c h a r g e l d i s c h a r g e ,  s t a t e -  
of-charge (SOC) c o n t r o l  scheme i s  u t i l i z e d ,  t o g e t h e r  w i t h  t a p e r  c u r r e n t  
charge backup t o  overcome d e l e t e r i o u s  e f f e c t s  a s s o c i a t e d  wi th  h igh end-of- 
charge and low end-of-discharge v o l t a g e s .  The r e s u l t s  i n d i c a t e  t h a t  t e n  
o r b i t a l  y e a r s  of s imula ted  synchronous o p e r a t i o n  may be achieved.  P re l iminary  
f i n d i n g s  a s s o c i a t e d  w i t h  c e l l  matching and b a t t e r y  performance a r e  i d e n t i f i e d .  

INTRODUCTION 

Ambient temperature  rechargeab le  l i t h i u m  c e l l s  hold  p r o z i s e  a s  advanced 
energy sources  f o r  f u t u r e  space  a p p l i c a t i o n .  The Li-TiS couple ,  w i t h  nona- 

2 
queous e l e c t r o l y t e ,  i s  the  b e s t  known ambient temperature  system. A b a t t e r y  
of t h i s  type  i s  of  i n t e r e s t  due t o  i t s  expected high energy d e n s i t y  ( g r e a t e r  
than  100 Wh/Kg) and long l i f e  ( g r e a t e r  t h a n  10 y e a r s ) .  However, Li-TiS c e l l  
r e s e a r c h  and technology a r e  i n  an  e a r l y  development s t a g e  w i t h  on ly  hana o r  
custom made c e l l s  a v a i l a b l e .  

An a c c e l e r a t e d  synchronous o r b i t  l i f e  t e s t  of  a f i v e  c e l l ,  Li-TiS b a t t e r y  
2 

was i n i t i a t e d  us ing  advanced JPL des igned and f a b r i c a t e d  c e l l s  and a novel  
Rockwell c h a r g e l d i s c h a r g e ,  SOC-control method. This  f i r s t  t e s t  i n  t h e  i n d u s t r y  
of t h e s e  advanced rechargeab le  Lithium c e l l s  a s  a b a t t e r y  was i n i t i a t e d  t o  o b t a i n  
t h e  fo l lowing  r e s u l t s  : 

1. Determine i f  t h e  b a t t e r y  performance g o a l  of t e n  o r b i t a l  y e a r s  of 
synchronous o p e r a t i o n ,  e s t a b l i s h e d  by NASA (RTOP), can be ach ieved ,  
on an a c c e l e r a t e d  l i f e  t e s t  b a s i s .  

2 .  Gain an  e a r l y  look a t  b a t t e r y  r e l a t e d  problems t h a t  a r i s e  i n  t h e  
s e l e c t i o n  and performance of  c e l l s  t o  a s s i s t  JPL i n  t h e i r  c e l l  
development program. 

3 .  Evalua te  t h e  c a p a b i l i t y  of t h e  Rockwell SOC-control method t o  
extend t h e  c y c l e  l i f e  of a Li-TiS b a t t e r y .  

2 

This  paper summarizes t h e  r e s u l t s  of  t h e  f i r s t  o r b i t a l  yea r  of  a c c e l e r a t e d  
l i f e  t e s t i n g .  
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METHOD OF INVESTIGATION 

In  a  paper p resen ted  l a s t  yea r  (Ref.  l ) ,  i t  was concluded t h a t  t h e  
rechargeable  Lithium b a t t e r y  had good p o t e n t i a l  f o r  synchronous s a t e l l i t e  
a p p l i c a t i o n .  It was decided t o  exp lo re  t h i s  p o t e n t i a l  f u r t h e r  by con- 
duc t ing  an a c c e l e r a t e d  synchronous o r b i t  l i f e  t e s t  on a  5  c e l l  Li-TiS 

2  b a t t e r y .  The Li-TiS c e l l s  were f a b r i c a t e d  a t  JPL and the  c e l l  d e s i g n  
d e t a i l s  a r e  d e s c r i b e 8  i n  Table I. 

The synchronous o r b i t  l i f e  t e s t  was a c c e l e r a t e d  by reducing each 
s o l s t i c e  pe r iod  between e c l i p s e  seasons  t o  two weeks. The b a t t e r y  was 
charged a f t e r  t h e  l a s t  e c l i p s e  of  each season and placed on open c i r c u i t  
s t and  dur ing  t h e  two week p e r i o d .  Charged open c i r c u i t  s t a t u s  was s e l e c t e d  
s i n c e  t h i s  c o n d i t i o n  should r e s u l t  i n  minimum b a t t e r y  degrada t ion  dur ing  
s t and  p e r i o d s .  The b a t t e r y  was a l s o  g iven  a  "top-off" charge a t  t h e  end 
of t h e  two week pe r iod  t o  r e s t o r e  any s t a n d  l o s s e s .  A l l  charges  were con- 
ducted w i t h i n  t h e - s e l e c t e d  SOC-control cut -off  and r a t e  l i m i t s .  

A s imulated 46 day e c l i p s e  season was used i n  t h i s  synchronous o r b i t  
l i f e  t e s t  and was conducted on a  r e a l  t ime b a s i s .  The s imula ted  e c l i p s e  
per iod v a l u e s  a r e  shown i n  Tab1.e 11. The diagram i n  Figure  I shows the  
t e s t  parameters  and t y p i c a l  performance of  t h e  b a t t e r y  dur ing  a  maximum 
e c l i p s e  day.  A l l  d i s c h a r g e s  were s t a r t e d  a t  9:00 A.M. and a l l  charges  
s t a r t e d  a t  2:00 P.M. t o  make i t  p o s s i b l e  t o  observe c r i t i c a l  t e s t  e v e n t s  
dur ing normal work-day hours .  The b a t t e r y  was al lowed t o  s t a n d  open c i r c u i t  
a f t e r  charge u n t i l  the  next  morning t o  m a i n t a i n  the  24 hour rea l - t ime t e s t  
b a s i s .  

- 
The charge d u r a t i o n  v a l u e s  shown i n  Table I1 and F igure  I a r e  approx; 

imate v a l u e s  s i n c e  t h e  charge was t e rmina ted  based on t h e  r e t u r n  of  100% of  
the  c a p a c i t y  (Ah) removed d u r i n g  t h e  pri0.r d i s c h a r g e .  This  charge t e r m i n a t i o n  
func t ion  was accomplished by t h e  (Ah) i n t e g r a t i o n  and comparison c a p a b i l i t y  of  
the  t e s t  c o n t r o l  computer. The d i s c h a r g e  r a t e  of  150 mA was s e l e c t e d  t o  
provide a  maximum DOD (72 minu tes )  of 45% based on t h e  0.4 Ah r a t e d  b a t t e r y  
c a p a c i t y .  P r i o r  c e l l  c h a r a c t e r i z a t i o n  t e s t i n g  i n d i c a t e d  t h a t  e x t e n s i v e  c y c l e  
c a p a b i l i t y  could be expected a t  45% DOD. The extended t e s t  time should  expose 
any time dependant a s  w e l l  a s  c y c l i n g  f a i l u r e  mechanisms. 

The c o n t r o l  of  cha rge ld i scharge  SOC was s e t  t o  o p e r a t e  the  b a t t e r y  be- 
tween 90% and 45% SOC d u r i n g  t h e  maximum (72 minu tes )  e c l i p s e  p e r i o d .  During 
o t h e r  e c l i p s e  pe r iods  t h e  recharge  r e t u r n e d  the  SOC t o  approximate ly  90% i n  
each c a s e .  Th i s  SOC p o s i t i o n i n g  was accomplished p r i o r  t o  t h e  f i r s t  e c l i p s e  
season by a  d i s c h a r g e  t o  45% SOC from f u l l  charge and subsequent recharge  t o  
90% SOC w i t h  a  r e t u r n  of 45% of r a t e d  c a p a c i t y .  The charge v o l t a g e  a t  90% SOC 
is  approximately 2.53 v o l t s  per  c e l l  and should remain c o n s t a n t  w i t h  success ive  
c y c l e s  u n t i l  d e g r a d a t i o n  of c a p a c i t y  exceeds  45% of r a t e d .  A f t e r  c a p a c i t y  
degrada t ion  i n  excess  of 45%, t h e  charge  v o l t a g e  d u r i n g  maxinum e c l i p s e  must 
inc rease  t o  a l low t h e  SOC t o  i n c r e a s e  above 90% and e v e n t u a l l y  t o  f u l l  charge  
a t  2.64 v o l t s  pe r  c e l l .  Degradat ion beyond 55% of  r a t e d  c a p a c i t y  w i l l  cause  
b a t t e r y  f a i l u r e / t e s t  t e r m i n a t i o n  a t  maximum DOD. The charge supply  i s  s e t  t o  
provide a  c o n s t a n t  charge r a t e  of 77.5 mA u n t i l  a  constaot /c lamp v o l t a g e  o f  
2.64 v o l t s  p e r  c e l l  i s  reached w i t h  subsequent c u r r e n t  t a p e r .  The c o n s t a n t  
v o l t a g e l t a p e r  charge f e a t u r e  i s  a  back-up t o  prevent  a n  e x c e s s i v e  charge v o l t a g e  
a c r o s s  t h e  c e l l s .  Charge t o  2.64 v o l t s / c e l l  h a s  been shown t o  r e s u l t  i n  f u l l  
charge of t h e  b a t t e r y .  



RESULTS 

Two important  v a r i a b l e s  used t o  e v a l u a t e  b a t t e r y  performance dur ing  
a  synchronous cyc le  l i f e  t e s t  a r e  t h e  end-of-discharge v o l t a g e  (EODV) and 
end-of-charge v o l t a g e  (EOCV).  The end-of-discharge v o l t a g e  ve r sus  e c l i p s e  
cyc le  i s  shown i n  F igure  2  f o r  t h e  f i r s t  two e c l i p s e  seasons  o r  f i r s t  o r b i t a l  
year  of o p e r a t i o n .  The o r d i n a t e  i n  Figure  2  i s  provided wi th  an  e q u i v a l e n t  
average c e l l  v o l t a g e  s c a l e  t o  make i t  convenient  t o  v i s u a l i z e  t h e  b a t t e r y  
v o l t a g e  va lue  i n  terms of  c e l l  v o l t a g e .  It can be seen  i n  Figure  2  t h a t ,  
b a t t e r y  o p e r a t i o n  i s  w e l l  above an average of  2  v o l t s  pe r  c e l l .  The e c l i p s e  
d u r a t i o n s  dur ing  t h e  f i r s t  e c l i p s e  season d i d  not  conform with  t h e  Table I1 
va lues  f o r  a l l  c y c l e s  due t o  computer program e r r o r s .  D i r e c t  comparison of  
season 1 and 2  EODV i s  thearefore not  p o s s i b l e  f o r  c y c l e s  19,  25 and 26. The 
Li-TiS couple t y p i c a l l y  l o s e s  c a p a c i t y  and v o l t a g e  performance dur ing  the  

2  e a r l y  c y c l e s  of  o p e r a t i o n .  This c h a r a c t e r i s t i c  i s  e v i d e n t  i n  a  comparison of 
season 1 and 2  EODV v a l u e s  from c y c l e  1 t h r u  1 8 .  A f t e r  t h e  non-uniform i n i t i a l  
c y c l i n g  l o s s e s ,  the  r e l a t i v e  performance i n  c y c l e s  27 t h r u  46 i n d i c a t e  s t a b l e  
o p e r a t i o n  a t  a  n e a r l y  f i x e d  v o l t a g e  perfcrmance l o s s .  The c h a r a c t e r  of t h i s  
v o l t a g e  degrada t ion  can be b e t t e r  seen i n  Figure  3 .  Note i n  Figure  3 t h a t  t h e  
vo l t age  v e r s u s  time c h a r a c t e r i s t i c s  d u r i n g  c y c l e  24 f o r  the  two seasons  run 
p a r a l l e l  showing a  n e a r l y  c o n s t a n t  p o l a r i z a t i o n  f a c t o r  from season 1 t o  season 2. 
It appears  t h a t ,  t h e  p o l a r i z a t i o n  f a c t o r  a c t s  t h e  same a s  t h e  i n s e r t i o n  of a  
pure r e s i s t a n c e  would t o  t h e  d i s c h a r g e  c h a r a c t e r i s t i c .  

The range of  EOCV v a l u e s  i s  shown i n  the  fo l lowing t a b l e :  

Season 
EOCV 
Range 

1 12.55 t o  12.69 
2  12.65 t o  12.79 

>.. 
The range is  a c t u a l l y  not  a s  g r e a t  a s  i n d i c a t e d  due t o  a computer program 

d e f i c i e n c y  t h a t  has  been c o r r e c t e d  p r i o r  t o  season 3 .  The EOCV t r e n d  has  no t  
shown any s i g n  of  d e g r a d a t i o n  through t h e  f i r s t  two e c l i p s e  seasons .  

The con t inu ing  good match o f  c e l l  c h a r a c t e r i s t i c s  i s  r e f l e c t e d  i n  t h e  
c e l l  EODV and EOCV f o r  c y c l e  24 of  season 2  shown i n  t h e  fo l lowing t a b l e :  

C e l l  No. 

The system under-vol tage  l i m i t  f o r  t h e  purposes of t h e  l i f e  t e s t  i s  
8  v o l t s .  When t h e  b a t t e r y  v o l t a g e  d rops  t o  l e s s  than  8  v o l t s  (1.6 v o l t s / c e l l )  
the  t e s t  w i l l  be t e rmina ted .  The v o l t a g e  d u r i n g  season  2 ,  maximum DOD, was 
about 9.93 v o l t s .  The d i f f e r e n c e  (1.93 v o l t s )  between 9.93 and 8.00 v o l t s  e q u a l s  
the  l o s s  margin a v a i l a b l e  p r i o r  t o  t e s t  t e r m i n a t i o n .  Assuming an average l o s s  
i n  b a t t e r y  v o l t a g e  a t  maximum DOD of  0 .1  v o l t  p e r  season ,  t h e r e  a r e  then  
approximate ly  19 seasons  remaining.    his e s t i m a t e  s u p p o r t s  t h e  p o s s i b i l i t y  of 
demonstra t ing a  t e n  o r b i t a l  yea r  (20 s e a s o n )  l i f e .  



CONCL,US IONS 

The r e s u l t s  of  t h i s  l i f e  t e s t  suppor t  t h e  e s t i m a t e  t h a t  t e n  o r b i t a l  
y e a r s  of  s imula ted  synchronous o p e r a t i o n  can be achieved by a Li-TiS b a t t e r y .  

2 It was fcund t h a t  c e l l s  w i t h  c a p a c i t i e s  w i t h i n  a 6% range provided s a t i s f a c t o r y  
b a t t e r y  o p e r a t i o n  whi le  a 14% range d i d  n o t .  It was shown t h a t  t h e  Li-TiS2 
couple performs w e l l  w i t h i n  a b a t t e r y  p rov id ing  a r e a l  2 v o l t / c e l l  system under 
load t o  45% DOD. 
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C o n f i g u r a t i o n  

Capac i ty  

A n a l y t i c a l  
Rated 

Voltage 

Open C i r c u i t  
Load (Ave.) 

Number of P l a t e s  

P l a t e  Area 

P o s i t i v e  P l a t e  

Negative P l a t e  

E l - e c t r o l y t e  

S e p a r a t o r  

Case M a t e r i a l  

S i z e  

Weight 

Table I. DESCRIPTION OF JPL Li-TiS2 CELL 

C y l i n d r i c a l  - p l a t e s  s p i r a l  wound 

0.47 Ampere-hours 
0 .40 Ampere-hours t o  1.7 v o l t s  

2.7 V o l t s  
2.0 V o l t s  a t  C/3 r a t e  

77.4 square  c m  

TiS on N i  Exmet-Elastomeric b i n d e r  
2  

(0.020 i n . )  (Ref .  2 ) ;  no conduc t ive  d i l u e n t  

L i  F o i l  p r e s s e d  on N i  Exmet (0.012 i n . )  

(1.5M) LiAsF6-2Methyl THF 

2  Layers  of  Celgard  2400 

S t a i ~ l e s s  S t e e l  

2 . 3  cm d iamete r  by 6 .4  cm long 

85 Grams 



Table 11. SIMULATED ECLIPSE SEASON PARAMETERS 
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